ABSTRACT: Site-average values of local gradient, defined as the steepest slope angle measured at a point, are a powerful predictor of long-term rates of soil loss as measured by erosion pins on the non-channel floor portions of ten badland study sites in the Karoo area of South Africa. Local gradient may be easily measured using a smartphone clinometer. The successful use of local gradient here is in strong contrast to the previous failure of other site-specific attributes, including other measures of gradient and relief, to explain between-site variation in erosion rate on these study sites.
Introduction
The study sites
The environmental history of the Sneeuberg uplands in the eastern Karoo, South Africa, has been the subject of almost 20 years research by an international group (Boardman et al., 2017) . One focus of the work has been erosion rates on badlands. Annual monitoring of 10 badland study sites began in 2001 (Keay-Bright and Boardman, 2009 ). This monitoring has continued to the present; the current paper updates results to November 2016 (Table I) .
These study sites ( Figure 1 ) are remote: access is difficult and the area sparsely populated. Elevations in the study area are between 1698 and 1755 m, with high ground comprised of Triassic Katberg Formation sandstone and mudstone with dolerite intrusions. Lower ground is underlain by Permian Balfour Formation shales and sandstones, with up to 6 m of Quaternary colluvium and alluvium overlying bedrock on footslopes and valley bottoms Boardman et al., 2005) . The badlands considered here are incised into this colluvium. The Klein Seekoi (Small Seacow) River drains the area; this is a north-flowing headwater tributary of the Orange.
Full descriptions of the badland study sites and the methods of measurement are given in Boardman et al. (2015) . In summary: the sites are not identical, since they were selected to represent a reasonable sample of the badland component of the landscape. All include small areas of the original surface of the colluvium. This remains as interfluves, on which the soil is highly compacted . These interfluves separate channels of various sizes, from rill-sized up to (on two sites) gully-sized. Channel networks may be complex, however there is a tendency for channels to be oriented approximately down the hillslope (i.e. down the slope of the original colluvial surface).
At each site, 25 erosion pins were installed in a 5 pin × 5 pin grid. Pin spacing is 1 × 1 m at six sites and 1 m × 2 m at four sites, at which the longer edge of the pin grid is oriented approximately down the hillslope. Changes in pin exposure were measured at roughly annual (and sometimes shorter) intervals. These measurements permit estimates to be made of long-term erosion and accumulation rates (Boardman et al., 2015; Boardman and Favis-Mortlock, 2016) . Note that the study sites are, in effect, unbounded plots.
Rainfall data
No official meteorological station raingauges operate close to the study sites. The nearest official meteorological station is c. 55 km to the north-east, at Grootfontein agricultural research station near Middelburg. Collection of daily rainfall data began at Grootfontein in 1878. Sub-daily rainfall data were collected only for a very short period: collection has now been abandoned.
Therefore in this and in earlier studies we make use of informal daily rainfall data gathered by local farmers. No sub-daily rainfall data are collected. We judge this daily data to be generally reliable: see Boardman et al. (2015) . The daily rainfall data used here are from a farmer-operated raingauge which was situated at Compassberg Farm (within 5 km of all erosion pin sites: Figure 1 ) from 1987 until January 2010, when it was moved to Lucernvale Farm (within 7 km of all erosion pin sites: Figure 1 ). In February 2016 the raingauge was moved back to Compassberg Farm. We assume that this combined Compassberg-Lucernvale-Compassberg rainfall record applies to all ten study sites.
The temporal pattern of rainfall measured by this gauge is strongly seasonal, with most precipitation falling between January and March (Foster et al., 2007) . The number of raindays per year is low (an average of 36 between 2000 and 2015, with a maximum of 56 and a minimum of 26).
Runoff and erosion processes on the study sites
The remoteness of the sites poses problems regarding rainfall data. It creates further difficulties with regard to the collection of runoff and erosion data. Practical considerations mean that site visits are only possible at approximately annual intervals. Thus monitoring of runoff using (for example) troughs is infeasible. Again, farmer observations can be useful; but quantitative observations of runoff are only possible if a site visit happens to coincide with a rainfall event. On such occasions, we have observed shallow runoff (a few cm deep) in the channels after only 10 mm rainfall (Figure 2 ). Flow on the inter-channel areas is never more than a few mm in depth. Infrequent access also constrains observation of the processes which give rise to erosion and accumulation on the study sites. We assume that weathering is largely driven by wetting and drying (Boardman et al., 2017) . Splash redeposition of weathered material certainly occurs: splashed material is often found stuck to the erosion pins. However, the relative importance of splash and runoff in terms of moving weathered sediment on these sites is unknown. Nonetheless, some inferences are possible. Splash redistribution is more effective on steep slopes (De Ploey and Savat, 1968) such as the channel side slopes of our study sites, while runoff is probably the dominant process on the relatively flat and compacted interfluves. In addition, since weathered material is removed by flow, we can infer there will be sediment available for splash redistribution only if there has been a sufficiently long period of weathering following the last rainfall event. We can further deduce that runoff will be relatively sediment-free if two rainfall events occur in close temporal proximity, since little weathered material will have accumulated prior to the second rainfall event. A longer interval between rainfall events implies more sediment-rich runoff.
Between-site variability in erosion rate Previous work (Boardman et al., 2015) shows that erosion rates on the ten sites, as measured by the erosion pins, are sufficiently similar for them to be considered to be drawn from the same statistical population. Thus from one statistical perspective, these ten sites are replicates. Nevertheless, there are obvious inter-site differences in erosion rate, which are greater than the errors associated with pin measurement (see Table III in Boardman et al., 2015) . But between-site variation in erosion, accumulation and net erosion (i.e. erosion minus accumulation) does not follow any clear pattern. Despite much experimentation, none of the site characteristics shown in Table II have been able to explain between-site variation in erosion, accumulation or net erosion.
That none of these attributes -not even those related to slope or relief -can shed light on inter-site variation is surprising. It has been a geomorphological truism since at least Gilbert (1877, p. 96 ) that gradient (we use this more precise but less common word in preference to the more common but rather ambiguous term 'slope') is a major control on erosion by rain and flowing water. On conventional erosion plots, the 'overall gradient' (i.e. the difference in elevation between the highest and lowest points) has long been used as an effective predictor of erosion rate (e.g. Wischmeier and Smith, 1978) .
Within-site relief and measures of gradient
Defining a representative gradient for each of our study sites is not straightforward. We considered several possible approaches.
Any measure of gradient comprises a difference in elevation paired with some horizontal length. The simplest approach to representing the gradient at each site is to use a single elevation-length pair per site; and an obvious way of doing this is to subtract the elevations of the highest and lowest points on each site, and to choose a horizontal length such as that of the pin grid. However, the complex within-site relief (Table II: see also Figure 2 in Boardman et al., 2015) renders this simple 'overall gradient' approach close to meaningless, as well as potentially unrepresentative: on the C1 (see Table I for site abbreviations) site for example, there is a near-vertical gradient underlying a small part of the pin grid, with gentle gradients elsewhere.
An alternative single-gradient approach is to use the 'hillslope gradient'. We define this as the maximum gradient of the remnant of the slope that pre-dates channel incision and badland development. However, objectively capturing the hillslope gradient is not easy, again because of current within-site relief. We found hillslope gradient to be an ineffective predictor of current erosion rates on each site (Table II) .
We therefore abandoned the notion of employing a single measurement of gradient to characterise each site, and instead chose to use multiple measurements per site. An obvious approach would be to construct a Digital Elevation Model (DEM) for each site using, for example, laser scanning or photogrammetry, and to then extract gradients at sample points. However, the remoteness of the study sites has, so far, made the transport and use of the necessary equipment impractical.
We therefore considered other simple approaches to capturing gradient at multiple within-site locations, and eventually decided to measure 'local gradient'. We define local gradient as the steepest slope angle, measured over a fixed length (here 13 cm), immediately adjacent to each erosion pin. This paper thus focuses on our attempts to relate local gradient to pinmeasured erosion rates at each of our study sites.
Topographic category
Given the strong relief that has developed on each site, it seemed reasonable to assume that local gradient would not be an equally important determinant of erosion everywhere on the site. Thus we made use of the notion of pins representing different within-site 'topographic categories' (Boardman et al., 2017) . When pin exposure was recorded, we assigned the erosion pin to one of the following five topographic categories: a: broad flat interfluve b: very steep or vertical channel side wall c: channel floor d: footslope e: narrow interfluve between channels.
Examples of the five topographic categories are shown in Figure 3 . Assigning these does of course involve an element of subjective judgement, e.g. regarding the width of the interfluve when distinguishing categories a and e. Consistency in identifying topographic category is therefore vital. Also, note that the topographic category assigned to a pin may change over time.
Method
In November 2016, an Android cellphone app was used to measure maximum gradient in degrees immediately adjacent to each of the 25 erosion pins at the 10 pin sites.
The app is called Clinometer. The authors claim it to be the most precise slope measurement tool for Android devices; digital readings are given to 0.1 degrees. It is produced by Plaincode Tools ™ and can be freely downloaded from the Android App Store (Figure 4) . Measurements of local gradient were obtained by holding a mobile phone (Motorola Moto-G) with the centre of its long axis against the pin and along the ground, and with the next-longest axis of the phone held vertically. Readings were taken after the digital screen had settled to a constant value for 3-5 seconds.
The phone was rotated around the base of each pin, touching the pin, to obtain the maximum downslope angle. Each measurement took between 30 and 90 seconds, however this was slower where maximum gradient was not immediately obvious. By conducting repeat tests, we estimate that the error in these measurements of local gradient is small, and certainly less than 1 degree.
Results were analysed using a Python script which was run using Python 3.5.2 with the following libraries: NumPy 1.11.1 and SciPy 0.17.1. All graphs were produced using MatPlotLib 1.5.2.
Results
Local gradient and topographic category Table III shows percentages of pin measurements assigned to each topographic category, plus long-term rates of erosion, accumulation and net erosion for each topographic category. There are no obvious patterns. Pins in topographic category d Table II . Attributes of the erosion pin sites which showed little relationship with long-term average erosion for each plot. The same attributes also showed little relationship with net erosion, the percentage of eroding pins on each plot, and the ratio of long-term erosion to long-term accumulation, on each site. The infiltration rates were made using portable mini-disc infiltrometers. These are surprisingly high, despite being the mean of multiple measurements: measurement problems (including the difficulty of using the infiltrometer on steep slopes, and the impact of small-scale soil features such as cracking) may well have inflated these values
Site Code
Average Erosion (mm yr are the most common. Pins in topographic category e are the least common: there are no pins in this category at four sites. Erosion rates (expressed as an average for all ten sites) are highest for category d. However this is not true for all sites: for three sites category a has the highest erosion rate, while at site C2 category c has the highest erosion rate. Accumulation (average for all ten sites) is highest for category c. Net erosion (average for all ten sites) is highest for category a, with the value for category d only slightly smaller. Note that at three sites, category c showed negative net erosion i.e. net accumulation; however these are not the sites at which along-channel downcutting has reached bedrock. Of these 250 local gradient measurements, 61 measurements were omitted from subsequent analysis because the topographic category for the associated erosion pin had changed since the start of measurements. Figure 5 shows the distributions of the remaining 189 local gradient measurements, by site.
Distributions of local gradient are positively skewed for all sites. On one site (C1), measurements range from near horizontal to near vertical. Figure 6 shows the local gradient measurements split by topographic category. Distributions are positively skewed for all topographic categories, with the greatest skewness for topographic category b (very steep or vertical channel side wall). The lowest average value of local gradient is for topographic category c (channel floor).
For all 31 possible combinations of the five topographic categories, ten values of site-average local gradient (in degrees and converted to per cent slope) were calculated, and each value regressed against that site's average erosion, accumulation, and net erosion rates. For each combination of topographic categories, if the topographic category assigned to a pin resulted in that pin being excluded, then all data from that pin (local gradient, erosion, accumulation, and net erosion) were omitted. Thus all 189 local gradient measurements were used only for those analyses which included pins of all topographic categories (i.e. categories a, b, c, d, and e). While data from all ten sites could be used for most combinations, a few combinations of topographic category (e.g. category e only) resulted in sites with no pins with this combination of category. Such sites were then omitted from the analysis of this combination of topographic categories. Table IV summarizes the results of the regressions for siteaverage erosion.
Local gradient and erosion
The best fit (r 2 = 0.918, significant at 99.99%, N sites = 10, N pins = 158: see the top row of Table IV) was obtained with site-average local gradient expressed as per cent slope, for topographic categories a, b, d, and e (i.e. with topographic category c omitted). Figure 7 shows this regression, along with the number of pins included from each site. Note that the values of erosion rate for each site here are not identical to those shown in Table I , since some pins have been omitted.
Further regressions were carried out using more sophisticated transformations of the site-average local gradient: the USLE S-factor as revised by Liu et al. (1994) and by Nearing (1997) . These variants of the USLE S-factor were selected because of their suggested suitability for gradients exceeding 20-30 per cent. However, results using these USLE-based expressions of local gradient differed little from the initial results. As with the initial results, regressions using topographic categories a, b, d and e (as in Figure 7 ) consistently gave the best fit for the USLE-based regressions.
A third series of regressions was carried out using sitemedian, rather than site-average, local gradient: this seemed a potentially useful alternative, given the skewness of the distributions of local gradient (Figures 5 and 6 ). Site-median local gradient was regressed against site-average erosion, accumulation, and net erosion for all combinations of topographic category, with site-median local gradient again expressed as degrees, as per cent, and as Liu et al. (1994) and Nearing (1997) S-factor variant. Results were again broadly similar to the first set of regressions, but with generally lower r 2 and significance. Using site-median local gradient, the best fit was consistently obtained with topographic categories a, b, c and d.
A final series of regressions focused on erosion rate vs local gradient as measured for individual pins (rather than siteaverage local gradient). This could be done meaningfully only with the pins for all sites combined, since some sites had no, or very few pins, for several of the topographic categories. For this final series of regressions the best fit (r 2 = 0.237, significant at 99%) was very poor compared with earlier results; this was for per-pin local slope in per cent, and for topographic category d only (Figure 8 ).
Local gradient, accumulation and net erosion All regressions of site-average accumulation against siteaverage local gradient also gave comparatively poor results. The best fit was obtained using site-median local gradient in degrees (r 2 = 0.515 for topographic categories b, d and e, with N pins = 104; and r 2 = 0.514 for topographic categories d and e, with N pins = 85; both significant at 95%).
For site-average net erosion, best fits were obtained with site-average local gradient expressed as the Liu et al. (1994) and the Nearing (1997) S-factor variants: r 2 = 0.802 and r 2   Table III . The percentage of all valid pin measurements, and average rates of erosion, accumulation and net erosion, for each of the five topographic categories at the ten study sites. Erosion, accumulation and net erosion rates are averages for the whole pin grid (i.e. all 25 pins) and sum to the values for all topographic categories shown in = 0.822 respectively, with both significant at 99.9 % and having N pins = 158.
Discussion
Site-average local gradient proved to be an effective predictor of ground surface lowering, as measured by erosion pins, on the non-channel floor areas of our study sites. From one point of view, this result merely confirms the obvious: that erosion rate has a strong dependence on gradient. There have been very few exceptions to this finding (one being the 1991 paper of Abrahams and Parsons, which found a different relationship on badland slopes with a coarse weathering mantle, for which stoniness increased with gradient). However from another point of view, our result is novel, since it relates to local gradient i.e. gradient at a point. This novelty is emphasised by the failure of more conventional measures of gradient to usefully predict erosion rates on each study site.
The value of our result is further highlighted when it is compared with other studies of between-site variability in erosion rate. Unfortunately, there are very few studies of variability of erosion rate on replicated plots on which soil loss has been measured using erosion pins. So comparisons with the current study are inevitably not wholly like-for-like. Soil loss on erosion plots is usually measured using a collection device at the foot of the plot. A value for soil loss obtained in this way is actually a value of sediment delivery from the plot, being a total for the whole area which ignores any within-plot deposition. By contrast, a value of soil loss derived from a grid of erosion pins only gives information regarding those pins at which erosion has occurred. This value may or may not be representative of erosion on the area between the pins, but it is independent of any pin-derived value for deposition. There are thus clear 877 'LOCAL GRADIENT' AND VARIABILITY OF EROSION RATE ON KAROO BADLANDS differences between erosion rates derived from conventional plots, and erosion rates derived from grids of erosion pins (cf. Sirvent et al., 1997 ; see also later section 'Local gradient and sediment delivery').
Despite this, it is still instructive to compare our result with other studies of replicate plots. A classic field study by Wendt et al. (1986) used 40 replicated conventional erosion plots. The authors concluded that "only minor amounts of observed variability could be attributed to any of several measured plot properties, and plot differences expressed by the 25 events did not persist in prior or subsequent runoff and soil-loss observations at the site". Greater between-plot variability was associated with the least erosive storms. A study by Nearing et al. (1999) analysed data from replicated pairs of conventional plots within the large USLE database: these authors also found considerable variability (coefficient of variability up to 15%) between replicates, irrespective of whether measurements were event, annual, or longer-term values. Again, variability decreased with greater total erosivity during the period of measurement. Results from these studies are discussed further below.
Local gradient, microrelief and emergent flow patterns Why, then, is local gradient such a strong determinant of erosion on the non-channel floor portions of our study sites? Local gradient clearly has some relationship to within-site relief, since a complete absence of within-site relief would produce local gradients of zero. Similarly, a zero hillslope gradient would suggest zero, or very low, values of local gradient. However the three are not related in any simple way: compare the values of within-site relief and hillslope gradient in Table II with the distributions of local gradient in Figure 5 .
Local gradient may also be considered from the perspective of slope curvature. Downslope curvature (i.e. slope shape) was shown, in a laboratory study by Reike-Zapp and Nearing (2005) , to have a significant impact on runoff production, rill patterns, and sediment yield. 'Topographic curvature' (i.e. planform curvature) was shown by Heimsath et al. (1997) to be inversely correlated with soil thickness, and thus with the difference between erosion and soil production rates. However, the complex within-plot topography of our study sites means that slope curvature -whether downslope or planview -would, just as is the case with gradient and relief, be very difficult to capture objectively using only a single measure for each site. Downslope curvature is, nonetheless, implicit in multiple measurements of local gradient; but (as with gradient) the relationship between the two is not necessarily simple. Planform curvature is also implicit in each measurement of local gradient, but only if the orientation of each local gradient measurement is recorded.
The most fruitful approach is to consider a measurement of local gradient to be a sample of within-site topographic roughness (microrelief or rugosity), averaged over a horizontal length of a few cm (in our case, the length of the phone). This horizontal length scale is roughly intermediate between that of microrelief (mm), and that of relief on plot-sized areas (tens of cm to m). The influence of microtopographic roughness on flow routing is the core concept underpinning the RillGrow soil erosion model (Favis-Mortlock, 1998) . Given a DEM with a horizontal resolution of mm to cm, RillGrow is able to realistically reproduce observed rill networks (Favis-Mortlock et al., 2000) . Other models of overland flow and erosion have employed the same concept (Darboux et al., 2002; Bursik et al., 2003; Ting et al., 2009) . Experimental work (Gessesse et al., 2010) has also explored the link between microtopography and rill erosion: in particular, Bennett et al. (2015) experimentally demonstrated that the pre-rainfall pattern of microrelief is a strong determinant of the eventual planform pattern of rills. The average of measurements of local gradient on our study sites is therefore a powerful predictor of erosion rate for the same reason that a DEM of microtopography enables RillGrow to effectively predict observed rill networks: because variations in soil-surface elevation, on the scale of mm to cm, are what emergently determine the spatial pattern of overland flow, and hence the erosion produced by that flow.
It is therefore unsurprising -from two perspectives -that the best fit was obtained, for the site-average erosion vs siteaverage local gradient regressions, when measurements from pins with topographic category c (channel floor) were omitted.
The first perspective is that of self-organization (Phillips, 2011 (Phillips, , 2014 . It is the emergent patterns of flow on the preerosion microtopography of the soil's surface which dictate where rill incision begins. Once a rill has commenced incision, the channel develops its own talweg profile and its own withinchannel roughness . As the channel further incises, the talweg profile and the within-channel microrelief both become less and less related to the pre-erosion microtopography as the channel moves towards a state of minimum energy dissipation (Gomez et al., 2003) . However overland flow continues to self-organize its routing on the interchannel areas. Thus the channel areas and the inter-channel areas eventually form two distinct populations with regard to microtopography and local slope.
On the colluvium into which our study sites are incised, a unique pattern of microtopographic roughness developed at each site. The pattern of flow determined by microtopography then determined the spatial distribution of rills. Some rills eventually became gullies, and some gullies eventually cut down to bedrock. The gradients of the side slopes of the rills and gullies are therefore wholly independent of the original pre-incision hillslope gradient, depending instead on runoff intensity and channel spacing. We have observed that, once a hillslope gully has cut to bedrock, the side slopes appear to evolve by a parallel retreat mechanism i.e. they maintain a constant slope angle: see also section 'Erosional history of the study sites'. The alonginterfluve gradient is a relict of the original hillslope gradient. Nonetheless, the interfluve areas are still erosionally active, having the highest value of net erosion and the second-highest value of erosion.
The second perspective concerns flow depth and erosion sub-processes during runoff events. In the channels, the maximum flow depth that has been observed is a few cm; for every other topographic category, flow depth never exceeds a few mm. Using the terminology of Kinnell (2005) , the shallow flow on the inter-channel areas will experience raindrop detachment with transport by raindrop splash (RD-ST), raindrop detachment with transport by raindrop-induced flow transport (RD-RIFT), and possibly raindrop detachment with transport by flow (RD-FT). However the deeper and faster flow in the channels will additionally give rise to flow detachment with transport by flow (FD-FT), which will dominate in the most energetic flows. Thus the channel and inter-channel areas again form two distinct populations, but this time with each population based on a set of erosional sub-processes.
To summarize and generalize: when any previously uneroded site begins to erode, its initial microtopography (derived from the pre-erosion colluvium surface) determines the pattern of flow routing, which in turn determines the site's initial rate and spatial pattern of erosion, and the eventual location of rills and gullies. Since the microrelief of every site is different, there may be considerable between-site variability in erosion rate. At this stage, the average of all measurements of local gradient taken at any point on the site will correlate strongly with erosion rate on that site i.e. all local gradient measurements are part of a single statistical population. However, as the site erodes further, the proportion of its area occupied by channels increases. Channels create their own microtopography which is distinct from that of the inter-channel areas, but which is similar to that of other channels. Thus local gradient measurements from points in topographic category c (channel floor) form a distinct population, one which relates only weakly to soil loss as measured by erosion pins. But local gradient measurements from all other topographic categories form a different statistical population. This population possesses an average value which correlates strongly with soil loss as measured by erosion pins.
This perspective is illuminating with respect to the previously-discussed results of Wendt et al. (1986) and Nearing et al. (1999) who both found that the difference between replicates decreased as the magnitude of measured soil loss increased. With all else being equal, an erosion plot which has suffered more erosion will have developed more (and/or larger) rills than a plot which has eroded less. So the more-eroded replicates have a greater proportion of their area occupied by channels, and a correspondingly smaller proportion which is inter-channel. The variability of microtopography -and hence of soil loss -is greater on inter-channel areas, and lower on channelled areas. Thus the variability of erosion rate is greater on less-eroded replicates which have fewer (and/or smaller) rills, and lower on more-eroded replicates which have more (and/or larger) rills. It is interesting to speculate whether, if the data used in the studies of Wendt et al. (1986) and Nearing et al. (1999) had included records of the proportion of each plot's area occupied by rills, this would have helped to explain the between-replicate differences.
Local gradient, accumulation, and net erosion By contrast, all our regressions between accumulation rate and site-averaged local gradient gave relatively poor results. This suggests that accumulation on these sites is driven by processes which are generally unrelated to microtopography and the routing of overland flow. This is to be expected for weathering processes such as wetting and drying. The best fit for accumulation (r 2 = 0.515, significant at 95%, N pins = 104) was obtained with the median of measurements of local gradients in degrees, from topographic categories b, d and e.
Regressions using net erosion gave the best result (r 2 = 0.822, N pins = 158, topographic categories a, b, d and e) when the more sophisticated USLE-based transformation by Nearing (1997) was used. It is interesting to speculate on the reason for this. The USLE was developed to estimate average annual soil loss from an erosion plot (Wischmeier and Smith, 1978) , but only from that part of the plot which has experienced net soil loss (Nearing, 2013) . Net erosion (erosion minus accumulation at each pin) on our sites is not exactly the same as this; but it may be sufficiently similar that the USLE-based transformations of local slope are better suited to predict net erosion, and hence give the best fit when net erosion is regressed against USLE-based transformations of site-averaged local slope.
Local gradient and sediment delivery
Throughout this paper we have been confined to considering only erosion as measured by change of exposure at 25 erosion pins on each study site. The relationships between site-average local gradient and erosion on the whole area of each site remains unknown, as does the relationship between site-average local gradient and sediment delivery from each site. There appears to be little consensus regarding comparative rates measured by erosion pins and by collector devices (Sirvent et al., 1997) . We, unfortunately, do not have measurements for runoff and sediment leaving each site. Given the remoteness and consequent difficulty of regular monitoring of collector devices, it is unlikely that direct measurements of runoff and sediment export will be obtained for our study sites. However, some inferences are possible. Observations suggest that erosion pins on interfluves and side slopes rarely produce accumulation: this implies a sediment delivery ratio close to unity for such pins.
Temporal change in local gradient
A possible major limitation of this study derives from the measurements of local gradient being made after, rather than before, the measurements of erosion and accumulation. The latter were made over a period of many years. During this time, changes in ground-surface elevation due to erosion and accumulation will certainly have had some impact upon local gradients. Thus we are effectively comparing erosion rates with the local gradients produced by erosion, rather than comparing erosion with the local gradients which gave rise to that erosion.
We have no visual evidence of major changes in local gradient at the majority of erosion pins. This being so, the difference between pre-erosion and post-erosion local gradient is probably too small to have significantly compromised our results. But larger changes in local gradient are known to have occurred for a minority of pins; most of which, however, have been omitted from our analysis for the following reasons.
• When measuring change in pin exposure, some pins were found to have been moved from their correct position in the grid. This might result from vertical or near-vertical sidewall collapse. No results are recorded for such a pin; the pin is then re-inserted in its correct position in the grid (Boardman and Favis-Mortlock, 2016). These 'lost pin' measurements occur infrequently, for only c. 5% of pin measurements (see Table III in Boardman et al., 2015) .
• A pin may be found to have changed its topographic category. Such pins were excluded from the regression analysis (see the section 'Local gradient and topographic category').
• A third situation in which local gradient could change notably is when temporary accumulation of colluvium occurs, prior to channel scour. However, this can occur only in topographic category c (channel floor). Pins with this category were omitted from the best-fit regression shown in Figure 7 .
As an additional check, we explored the relationship between pre-erosion and post-erosion local gradient using a simple Python script. This simulates, in cross-section, the erosion of a channel. Starting with an initially flat surface (the horizontal line in the upper graph of Figure 9 ) incised by a single nick, flow along the channel (i.e. in to or out of the plane of the Figure) deepens the channel at a fixed rate which does not depend on local slope. Points at which this along-channel lowering occurs are indicated by a thicker line on each cross-section, and correspond to topographic category c (channel floor). However, erosional lowering elsewhere on each cross-section (thinner lines) is dependent on local gradient: this corresponds to all other topographic categories. In the model, erosion proceeds iteratively, with the cross-section created at the end of one timestep becoming, after some smoothing to remove artefacts, the cross-section for the next timestep. After 500 timesteps a roughly U-shaped channel is developed.
The lower graph in Figure 9 shows the relationship between average local gradient and depth of soil lost, for all nonchannel floor points on each cross-section. The solid line relates the average local gradient at the start of each timestep with soil lost during that timestep. The dashed line relates the average local gradient at the end of each timestep with soil lost during that timestep. The two lines differ little: the difference is slightly greater at the beginning of the simulation. The relationship is close to linear during the second half of the simulation, less so during the first half.
This simple simulation of course omits several important aspects of erosional behaviour at the study sites (for example: sidewall collapse, lowering of the interfluves as rills and gullies widen, the influence of bedrock) but it does show that change in average local gradient on the non-channel floor areas is fastest during the early stages of channel incision. Once a channel has been established, average local gradient on the non-channel floor areas changes only slowly. This indicates that our use of pre-erosion average local gradient is not a problem. Simulations of rill initiation and development using RillGrow also show similar behaviour, with changes in microtopographic slope being fastest in the earliest stages of rill incision (FavisMortlock et al., 2000) . Once channels have been established, change in channel-side local gradient becomes slower. As channels develop further, as can be seen in the later crosssections in the upper graph of Figure 9 , the retreat of channel sidewalls is close to parallel.
Erosional history of the study sites These results have implications for the erosional history of our study sites. The initial phase was one of channel downcutting into what (we assume) was a relatively uniform initial thickness of colluvium, deposited upon a pre-existing topography. At this stage, average local gradient changed relatively rapidly. As channels became more established, average local gradient changed more slowly. Eventually, some channels reached sub-colluvial bedrock, with others close to bedrock. Currently, erosion on our study sites is dominated by largely stable average local gradient, with parallel retreat of channel side slopes, and concomitant narrowing (and eventual removal) of interfluves. The hillslope gradient, which is still to some extent preserved as the along-interfluve gradient, is now a historic feature that has only a minor role in influencing what is happening on these badland sites. It is therefore unsurprising that hillslope gradient (see Table II and section 'Within-site relief and measures of gradient' above) proved to be an ineffective predictor of present-day erosion.
From the average rate of net lowering and the average local slope for each topographic category, and by assuming parallel retreat of channel side slopes, it is possible to calculate the rate of horizontal retreat of channel sidewalls (Table V) . If betweenchannel spacing is 3 m, then the interfluves (assuming no interfluve lowering) will be eroded away in 3-5 k years. However this is an overestimate, since the interfluve areas are still experiencing erosion.
Sensitivity analysis
Finally, we carried out a sensitivity analysis of the main finding of this paper by replicating the regression shown in Figure 7 with pins randomly removed. Removal of a pin means that the measurement of local gradient at that pin, and the value of long-term erosion at that pin, is ignored. The dashed line in Figure 10 shows the mean r 2 of each set of 1000 replicates, each set having had the same number of pins removed from each site. The whiskers indicate that the 'predictive power' of individual pin measurements varies greatly. Removal of some pin measurements dramatically decreased the correlation; removal of others had little effect. Naively, it might be expected that removal of pin measurements from each site would lower the correlation linearly. So the removal of one pin measurement from each of the ten sites would lower the r 2 value by 1/25, removal of two pin measurements would lower it by 2/25, etc. The dotted line shows the r 2 values which result from this 'naive assumption'. The dashed line decreases more steeply. i.e. removal of pin measurements causes, on average, a steeper decline in predictive power than does this 'naive assumption'.
These results are again consistent with the notion that flow routing on the inter-channel areas of the sites forms an emergent system. Some pins are located in areas which, due to the vagaries of microrelief, convey a greater proportion of overland flow. Measurements at these pins may well also convey a greater-than-expected share of information about erosion at adjacent pins, and (by extension) on the whole site. For other pins the converse is true. This spatial pattern of flow and erosion on the non-channel areas of our sites is an example of 'weak emergence' (Bar-Yam, 1997) : the behaviour of the emergent system is perturbed, but only in a relatively minor way, by random interference with its components.
A multiple regression using the results from this sensitivity analysis yielded the following equation (r 2 = 0.571, significant at 95%):
where percent_a is the percentage of replicates which include topographic category a, etc. This result indicates that the ability of site-average local gradient to predict erosion is enhanced by including measurements from a larger number of pins, and by the inclusion of a greater fraction of pin measurements from topographic category b (very steep or vertical channel side wall). By contrast, the ability of siteaverage local gradient to predict erosion tends to lessen if a greater fraction of pin measurements from topographic categories e (narrow interfluve between channels), a (broad flat interfluve), and to a much lesser extent d (footslope), are included. The implication is that a greater share of erosional information is contributed by pin measurements made on very steep or vertical channel side wall areas, and a lesser share of information is contributed by pin measurements made on interfluves.
Further work
As in any measurement, there is some error in our measurements of local gradient. This will have been introduced mainly when choosing the direction of greatest slope, and hence the orientation of the local gradient measurement. A limited number of replicate tests suggest that this error is small, less than one degree. Boardman et al. (2015) and Boardman and FavisMortlock (2016) describe a procedure which was used to quantify error when taking measurements of change in erosion pin exposure. A similar exercise will be carried out to quantify errors in local gradient measurements. We also intend to record the orientation of local gradient in future studies.
The values for infiltration presented in Table II are questionable, in part because measurements made using portable mini-disc infiltrometers are liable to be influenced by local variability in soil properties. We plan to use a rainfall simulator to obtain infiltration measurements over a larger area. The rainfall simulation experiments will also permit indirect estimates of runoff and sediment export from the study sites.
For each site, the pattern of channels established on the preincision colluvial surface will have been controlled by the microrelief of that surface. However the spacing of these channels will also, to some extent, be dependent on the overall 881 'LOCAL GRADIENT' AND VARIABILITY OF EROSION RATE ON KAROO BADLANDS gradient of this pre-incision surface, the 'hillslope gradient'. Thus sites with similar hillslope gradients may show similarities in channel spacing. This is to be followed up by systematically measuring channel spacing.
Finally, while it is encouraging to have discovered a strong link between erosion rate and site-average local gradient on the non-channel portions of our sites, it must be remembered that erosion rates have been measured using erosion pins. We do not know whether any relationship exists between erosion rate measured using some other approach, and site-average local gradient on the non-channel portions of a site. It would be of great interest to test this on better-instrumented sites, both in badland locations and elsewhere.
Conclusions
Site-average values of local gradient, defined as the steepest slope angle measured at an erosion pin, are a powerful predictor of long-term rates of soil loss as measured by erosion pins on the non-channel floor portions of ten badland study sites in the Karoo area of South Africa. Local gradient may be easily measured using a smartphone clinometer. The successful use of local gradient here is in strong contrast to the previous failure of several other site-specific attributes, including other measures of gradient and relief, to explain between-site variation in erosion rate on these study sites. However, the predictive ability of site-average local gradient for more conventional erosion plots, on which soil loss is measured by a collector device, is still unknown.
A measurement of local gradient may be thought of as a sample of a site's microtopography. Microrelief is a strong determinant of the emergent patterns of inter-channel overland flow, and hence of the patterns of inter-channel erosion by flow. This explains the success of site-average local gradient as a predictor of erosion on the non-channel floor portions of the study sites. The microtopography of the channel floor areas constitutes a separate population.
Local gradient changes most rapidly during the initial stages of channel incision. When channels are established, local gradient changes more slowly leading to almost-parallel retreat of channel sidewalls. This has implications for the erosional history of our study sites: following initial incision of channels down the original 'hillslope gradient', considerable within-site relief developed. This relief now dominates erosion on the sites: the hillslope gradient has become a relict feature with little relevance to present-day erosion.
A sensitivity analysis suggests that not all individual measurements of local gradient are equal with regard to prediction of long-term erosion rate. Removal of measurements at some pins had little effect, while removal of others greatly weakened the correlation. A greater share of predictive power is contributed by measurements made on very steep or vertical channel side wall areas, and a lesser share is contributed by measurements made on interfluves.
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